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Non-equilibrium dynamics of many-body systems is important in many branches of science, such
as condensed matter, quantum chemistry, and ultracold atoms. Here we report the experimental
observation of a phase transition of the quantum coherent dynamics of a 3D many-spin system with
dipolar interactions, and determine its critical exponents. Using nuclear magnetic resonance (NMR)
on a solid-state system of spins at room-temperature, we quench the interaction Hamiltonian to
drive the evolution of the system. The resulting dynamics of the system coherence can be localized or
extended, depending on the quench strength. Applying a finite-time scaling analysis to the observed
time-evolution of the number of correlated spins, we extract the critical exponents ν ≈ s ≈ 0.42
around the phase transition separating a localized from a delocalized dynamical regime. These
results show clearly that such nuclear-spin based quantum simulations can effectively model the
non-equilibrium dynamics of complex many-body systems, such as 3D spin-networks with dipolar
interactions.
The complexity of many-body systems is a long standing
problem in physics (1–8). As an example, quantum states
of many-body systems can be localized at well defined po-
sitions in space or they can be delocalized, depending on
parameters like disorder. In their localized regime, such
systems may not reach a thermal state but retain informa-
tion about their initial state on very long timescales (9–17).
The role of the topology, dimension, long and short range
interactions, and the presence of disorder is very important
for the onset of these localization regimes. Much progress
was achieved on the numerical and theoretical side, where
these phenomena have been predicted under certain con-
ditions. However, experimentally addressing 3D many-
body systems in a controlled manner poses severe exper-
imental problems (5, 8, 14, 16). Non-equilibrium dynam-
ics of many-body systems has been investigated to provide
complementary information about a large variety of situ-
ations but also remains challenging (18–26). Therefore,
finding different experimental situations, new approaches
and techniques for controlling and observing many-body
dynamics can lead to new approaches for studying many-
body physics.
The recent progress on the experimental control of cold
atoms (6, 27, 28), trapped ions (25, 26, 29, 30), Rydberg
atoms (31), polar molecules (7, 32) and nitrogen-vacancy
centers in diamond (33–36) has led to promising new ways
of studying the non-equilibrium dynamics and localization
phenomena of many-body systems. In particular a lot of
effort is focused on studying many-spin systems with dipo-
lar interactions of the Heisenberg-type (8, 24–26, 31, 32).
Here, we use nuclear magnetic resonance (NMR), which
provides a natural and versatile approach for coherently
controlling large numbers of spins (up to ∼ 7000) in solid
state systems, where dipolar interactions are present. NMR
techniques allow to quantify the number of spins that are
coherently correlated, and allow control of the interaction
types and strengths of the Hamiltonians (37–39).
We exploited these advantages to quench the system
Hamiltonian, i.e. to suddenly change the interaction
Hamiltonian in such a way that its symmetry changes and
the previous equilibrium density operator becomes a su-
perposition state that evolves in time under the new Hamil-
tonian. This evolution generates correlations between the
spins. We measure the temporal evolution of the spatial ex-
tent of the resulting spin clusters. We adapted the powerful
finite-time scaling technique (40, 41) to study the long-time
regime of the evolution of the size of correlated spin clus-
ters. For a critical value of a controlled perturbation on
the strength of the quench, we show that this many-body
system in 3D spin-networks, with competing dipolar inter-
actions that depend on the distance between spins as 1/r3
(38, 39), undergo a critical transition from extended to lo-
calized dynamics.
System and experimental setup
Our experimental system consists of the 1H nuclear spins
of polycrystalline adamantane (Fig. 1, inset). All experi-
ments were performed on a home-built solid-state NMR
spectrometer in a magnetic field of 7 Tesla. The interaction
of the proton spins I = 1/2 with the static magnetic field
results in a Zeeman splitting of ωz = 300 MHz (in fre-
quency units), which is identical for all spins. The mutual
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Non-equilibrium dynamics of many-body
physics is of central interest in many branches
of science, such as condensed matter, quantum
chemistry, ultracold atoms or in systems with
long range interactions [1–3]. Here we report
on an experimental observation of a critical
phase transition on the coherences in a system of
many-spins with dipolar interactions. Using time
dependent nuclear magnetic resonance (NMR)
techniques on a solid state system of spins at
room temperature, we induce a quench between
different symetries of the interaction Hamilto-
nian. We observe a transition from a localized
to an extended regime for the coherences of
the many-body spin-system. Applying a finite
time scaling analysis on the time evolution of
the number of correlated spins, we extract the
critical exponents ν ≈ s ≈ 0.42 around the phase
transition separating a localized from a delocal-
ized dynamical regime. This shows that NMR
can be used for monitoring and controlling the
non-equilibrium dynamics of 3D spin-networks
with dipolar interactions.
Introduction.— The complexity and difficulty of ad-
dressing and controlling many-body systems is a long
standing problem in physics [1–3][3–7]. Many different
localization phenomena are still intriguing, e.g. closed
systems in presence of strong disorder may not thermal-
ize leading to a many-body localization [8? –10]. The
role of the topology, dimension, long and short range in-
teractions, and precense of disorder is very important for
the onset of these localization regimes. Much progress
was done at the numerical and theoretical side for de-
veloping predictions of these phenomena, but addressing
many-body systems in 3D and in a controlled experi-
mental fashion is on progress and still very challenging
[6, 7, 10]. Non-equilibrium dynamics of many-body sys-
tems has been investigated to provide complementary in-
formation about a large variety of situations but rem in
challenging [11–14]. Therefore, finding different experi-
mental situations, new approaches and techniques for ob-
serving and sensing these phenomena provides additional
information on how to investigate many body physics.
The recent progress on the experimental control of cold
atoms [5, 7, 15], trapped ions [16], Ryderberg atoms [17],
polar molecules [18, 19] and nitrogen-vacancy centers in
diamond [20] in solid state systems leads to promising
new ways for studying these outstanding problems in
physics. In particular a lot of effort is focused towards
studying many-body systems with dipolar interactions of
the Heisenberg-type [21–24]. We here show that nuclear
magnetic resonance (NMR) also provides a natural and
versatile approach for controlling large number of spins
(up to ∼ 7000) in solid state systems where many-body
dipolar interactions are present. NMR techniques allow
to quantify the number of spins that are coherently cor-
related, and allow control of the interaction types and
strengths of the Hamiltonians [25–27]. We exploited
these advantages to quench the interaction hamiltonian
between different symetries and to measure a “coherent
length” of the correlated spins. We adapted the powerful
finite-time scaling technique [28] to study the long time
regime of the evolution of the cluster size of correlated
spins. For a critical value of a controlled perturbation, we
show that this many body system in 3D spin-networks,
with competing dipolar interactions that depend on the
distance between spins as 1/r3 [26, 27], undergo a critical
transition from extending to localized dynamics.
System and experimental setup.— Our experimental
system is composed of polycrystalline adamantane on
which we observe and control the proton’s nuclear spins.
All experiments are performed on a home-built solid state
NMR spectrometer whose superconductor coil generates
a strong magnetic field of 7 Tesla. The proton I = 1/2
spins have the same resonance frequency of ωz = 300
MHz and are subject to mutual dipole-dipole interaction
composing a 3D spin-coupling network (Fig. 1). The
dipolar interaction scales with 1/r3 and leads to a res-
onance width of 7.9 kHz of the NMR spectrum due to
the homogeneous broadening (See Ref. [27] for details
of the sample). The system is left to achieve the room
temperature and the thermal equilibrium. The result-
ing density operator for the spins can be then described
in the high-temperature limit as ρˆ0 ∝ Iˆz =
￿
i Iˆ
i
z [29],
considering that the Zeeman interation is much stronger
than the dipolar one (ωz = 300 MHz ￿ 7.9 kHz).
Experimental method and quantum quench.— The
spin-spin interaction Hamiltonian of the system on the
Zeeman rotating frame is
￿Hdd =￿
i<j
dij
￿
2Iˆiz Iˆ
j
z − (IˆixIˆjx + Iˆiy Iˆjy)
￿
. (1)
This is only the secular part of the dipolar interaction
and it commutes with the much stronger Zeeman Hamil-
2
K
2
MZ
K
2 !3
!
K
2 + 2
!
K
2 +1
!
K
2
K
2 ! 2
K
2 !1
1 state 
1 state 
K states 
K states 
K(K-1)/2 states 
K(K-1)/2 states 
K
2 ! 4
K
2
MZ
K
2 !3
!
K
2 + 2
!
K
2 +1
!
K
2
K
2 ! 2
K
2 !1
1 state 
1 state 
K states 
K states 
K(K-1)/2 states 
K(K-1)/2 states 
c 
K
2 ! 4
0.0 0.2 0.4 0.6
-20
0
20
 
0
0.0 0.2 0.4 0.6
-20
0
20
Total evolution time!N"
c
 [ms]C
oh
er
en
ce
 
or
de
r 
M
0.0 0.2 0.4 0.6
-20
0
20
 
0
0.0 0.2 0.4 0.6
-20
0
20
Total evolution time!N"
c
 [ms]C
oh
er
en
ce
 
or
de
r 
M
0.0 0.2 0.4 0.6
-20
0
20
 
0
0.0 0.2 0.4 0.6
-20
0
20
Total evolution time!N"
c
 [ms]C
oh
er
en
ce
 
or
de
r 
M
d 
!"#$%&#'(&)*(+(,)-.(
!"#$%&#'(&)*(+(,)-.(
/#0*1*'2*(#13*1(!4
(
/#0*1*'2*(#13*1(!4
(
0.0 0.2 0.4 0.6
-20
0
20
 
1E-03
0.004
0.02
0.07
0.3
0
0.0 0.2 0.4 0.6
-20
0
20
Total evolution time!N"
c
 [ms]C
oh
er
en
ce
 
or
de
r M
a 
! 
!0 !dd 
! 
!0 " 
- 
Evolution Reconversion 
! ! "! "! ! "! "! 
! !# ! 
b 
U
np
er
tu
rb
ed
 E
vo
lu
tio
n 
Pe
rtu
rb
ed
 E
vo
lu
tio
n 
 f 
Figure 1. Here is a Fig. with the experiment l set p and
sample characteristics evidencing th spin-spin network, the
correlation length, volume, etc.. Scheme of the quantum evo-
lutions. (c,e) Evolution scheme on the Zeeman basis. The
solid arrows represent the ￿H0 interactions and the dotted ar-
row the ￿Hdd interactions. The gradient tones schematize the
spreading of the initial population of the states. While in (c)
the spreading is on the vertical direction, in (e) the spread-
ing is in both directions (vertical and horizontal). (d,f) MQC
spectrum for the unperturbed and perturbed evolutions re-
spectively.
tonian (ωz ￿ dij), since the effects of the non-secular
terms are negligible [29]. The coupling constants are
dij =
1
2
γ2￿2
r3ij
￿
1− 3 cos2 θij
￿
, with θij the angle between
the distance vector ￿rij and the magnetic field direction
(Fig. 1) [29].
These kind of Heisenberg-type Hamiltonians of grow-
ing interest in the context of quantum information and
simulation science [7] can be also found and/or simulated
in quantum gases [3], polar molecules [18, 19], Rydberg
atoms [17], ion traps [16] and NV centers [19].
In thermal equilibrium the spins are thus uncorrelated
and the density operator ρˆ0 commutes with the Hamilto-
nian ￿Hdd. To generate spin clusters of correlated spins,
we quench the system with a Hamiltonian ￿H0 that does
not commute with the thermal equilibrium state. We
use a NMR method developed by Pines and coworkers
[30, 31] based on a sequence of global π/2-pulses that
rotate all spins generating the effective Hamiltonian
￿H0 = −￿
i<j
dij
￿
IˆixIˆ
j
x − Iˆiy Iˆjy
￿
. (2)
To study the impact of the quench to generate clusters
of correlated spins, we add a perturbation by concate-
nating the evolution of ￿H0 and ￿Hdd during τ0 and τdd
respectively. This generates the effective Hamiltonian￿H = (1− p) ￿H0 + p ￿Hdd (3)
on a time τc = τ0 + τdd as a Trotter-Susuki approxi-
mation, and we control the perturbation strength with
p = τdd/τc. Note that for p = 1 no quench is done since.
The two Hamiltonian have well differentiated symmetries
n the Mz total magnetic quantum number, where in the
Zeeman basis |α1,α2, ...,αK￿ (αi =↑, ↓) for a system ofK
spins, Iˆz |α1,α2, ...,αK￿ = Mz |α1,α2, ...,αK￿. While the
Hamiltonian ￿H0 flips simultaneously two spins and, ac-
cordingly, Mz changes by ∆Mz = ±2 (curved solid arrow
in Fig. ??), ￿Hdd generates direct mixing between states
that conserve Mz (dotted curved arrows in Fig. ??e).
Growth of the clusters.— Exploiting this differences
on the symmetries of the Hamiltonians, we adapted the
method of Baum et al [31] to measure the distribution
of coherences of the density matrix generated by ￿H0 as a
function of the quantization number ∆Mz. From those
distribu ions, we determine the average number of cor-
related spins K in the generated clusters (see Methods),
and we associate them to an effective volume V = l3,
with l as the effective correlation length. Figure 2 shows
the cluster size K as a function of the evolution time
t = Nτc for different perturbation strengths on time
scales much smaller than the time required for the sys-
tem to thermalize with the Zeeman Hamiltonian. For
the unperturbed evolution (black squares), the cluster
size grows indefinitely within the time range measured
before the experimental signal dispear due to external
decoherence processes [26]. The perturbed time evolu-
tions of the cluster size (colored symbols in Fig. 2) does
not grow indefinitely compared to the unperturbed case
(black squares) [26]. We consider this saturation as an
evidence of localization of the coherences extent gener-
ated by the quenching Hamiltonian due to the perturba-
tion, and the localization size decreases with increasing
the perturbation strength p.
Finite-time scaling.— To study how is the transition
from the delocalized to localized regime, we exploit the
powerful finite-time scaling technique [28] to enhance the
subtle changes of the long time behavior of the dynamics
of the cluster-size K.
Without perturbation the cluster-size is expected to
grow with a power law in time [32, 33] in agreement with
several experimental observations in solid-state spin-
networks [32]. In our system, this growing law is also
observed in the long time regimes t ￿ 0.7ms for p = 0,
where K ∝ t4.3 [26]. Thus, K2/3 ∼ l2 ∼ Dtα, where D is
a generalized diffusion coefficient and α is the exponent
of the “diffusion” process [32, 34]. In presence of a criti-
cal transition at pc, which is the perturbation at which a
transition from a localized to a delocalized phase ocurr,
one expect that the cluster-size evolution will depend on
p − pc [28, 34]. We use the Ansatz of mono-parametric
scaling behavior for long times
K2/3 ∼ tk1F ￿(pc − p) tk2￿ , (4)
where F (x) is an arbitrary function and k1 and k2 are
constant parameters. We assume that D (p) ∝ (pc − p)s ,
Figure 1. Quantum evolutions and Hamiltonian characteristic . (A) Thermal equilibrium of the proton spins in the presence of a
static magnetic field at time t = 0 just before the quench. The spins are uncorrelated, the density operator is ρˆ0 ∝ Iˆz =
∑
i Iˆ
i
z , where
Iˆz is the total spin magnetization operator and Iˆiz the single spin operators. The red spin in the center represents an uncorrelated spin
state Iˆiz of the spin ensemble. It thus represents a cluster of correlated spins with size K = 1. Inset: Adamantane molecule with 16
protons (small gray spheres). The large green spheres represent arbon atoms, consisting of 99 % 12C and 1 % 13C . (B) Cluster of
correlated spins at time t > 0 after the quench with Ĥ0 (red spins). The cluster consisting of K > 1 correlated spins occupies a volume
l3, where l is the effective “coherence length”. (C) Evolution of a system of K spins in the Zeeman product basis |α1, α2, ..., αK〉
(αi =↑, ↓) (black solid lines), where Iˆz |α1, α2, ..., αK〉 = Mz |α1, α2, ..., αK〉. The green arrows represent the Ĥ0 interactions, which
flips simultaneously two spins and, accordingly, Mz changes by ∆Mz = ±2. The red arrow repr sents the Ĥdd interactions that
conserve the quantum number Mz .
dipole-dipole interactions between the spins corresponds to
a 3D spin-coupling network (Fig. 1). The dipolar interac-
tion scales with 1/r3 and leads to a resonance width of 7.9
kHz of the NMR spectrum due to the homogeneous broad-
ening (See Ref. (39) for details of the sample). The spin
system is initially left to reach thermal equilibrium at room
temperature. Its density operator can be then described in
this high-temperature limit as ρˆ0 ∝ Iˆz =
∑
i Iˆ
i
z (37), con-
sidering that the Zeeman interaction is much stronger than
the dipolar one (ωz = 300 MHz  7.9 kHz). Iˆz is the
total spin operator component in the direction of the mag-
netic field, and Iˆ iz that of the i
th spin.
Experimental method and quantum quench
The spin-spin interaction Hamiltonian of the system in
reference frame rotating at the Zeeman frequency is
Ĥdd =
∑
i<j
dij
[
2Iˆ iz Iˆ
j
z − (Iˆ ixIˆjx + Iˆ iy Iˆjy)
]
. (1)
This is the secular part of the dipolar interaction, which
commutes with the much stronger Zee an Hamiltonian
(|ωz|  |dij|). The coupling constants are
dij =
1
2
γ2}2
r3ij
(
1− 3 cos2 θij
)
, (2)
with γ the gyromagnetic ratio, θij the angle between the in-
ternuclear vector ~rij and the magnetic field direction (37).
This Heisenberg-type Hamiltonian is of growing interest in
the context of quantum information and simulation science
(8, 24–26, 31, 32).
The initial condition corresponds to a thermal equilib-
rium with uncorrelated spins and the density operator ρˆ0
commutes with the system Hamiltonian Ĥdd (Fig. 1a). To
generate spin clusters of correlated spins, we quench the
system by suddenly changing its Hamiltonian to
Ĥ0 = −
∑
i<j
dij
[
Iˆ ixIˆ
j
x − Iˆ iy Iˆjy
]
, (3)
3which does not commute with the thermal equilibrium state
(Fig. 1b). We use a method developed by Pines and
coworkers (42, 43) based on a sequence of pi/2-pulses that
act equally on all spins to generate this effective Hamilto-
nian.
To study the impact of the quench and monitor the gen-
eration of clusters of correlated spins, we compare its evo-
lution under a parametric set of Hamiltonans:
Ĥ = (1− p)Ĥ0 + pĤdd. (4)
These Hamiltonians are generated as effective Hamiltoni-
ans by letting the system evolve under a periodic sequence
of the Hamiltonians Ĥ0, for a duration τ0 and Ĥdd for a
duration τd, resulting in a cycle time τc = τ0 + τdd. The
control parameter p = τdd/τc, defines a perturbation to the
quench strength. If p = 1, there is no quench, and 1 − p
defines the strength of the quench. The two Hamiltonians
Ĥ0 and Ĥdd have distinctive symmetries with respect to the
total magnetic quantum number Mz, the eigenvalue of Iˆz .
While the Hamiltonian Ĥ0 flips simultaneously two spins
and, accordingly, changes Mz by ∆Mz = ±2 (green ar-
rows in Fig. 1c), Ĥdd mixes states that conserve Mz (red
arrows in Fig. 1c).
Growth of the clusters
After the quench, the Hamiltonians (4) generate corre-
lations between the different spins. We measure the av-
erage number of correlated spins in the system (the clus-
ter size) by decomposing the corresponding density oper-
ator according to its symmetry under rotations around the
z-axis, adapting the method of Baum et al. (43). From
the distribution of coherences of the density matrix as a
function of the quantization number ∆Mz (38, 39), we de-
termine the average number of correlated spins K in the
generated clusters (see Methods). We associate them to an
effective volume l3, with l the effective correlation length
(Fig. 1b). Figure 2a shows the determined cluster size K
as a function of the evolution time t = Nτc for differ-
ent perturbation strengths on time scales much shorter than
the time required for the system to thermalize. For the un-
perturbed evolution (black squares), the cluster size grows
indefinitely within the time range measured before the ex-
perimental signal disappears due to decoherence processes
(38, 39). This changes qualitatively when the perturbation
is turned on: the growth of the clusters generated by the
perturbed Hamiltonian (colored symbols in Fig. 2a) does
not continue indefinitely, but saturates at a certain level, to
which we refer as the localization size. This localization
size decreases with increasing perturbation strength p.
Finite-time scaling
To quantitatively analyze the transition from the delo-
calized to the localized dynamical regimes, we exploit the
powerful finite-time scaling technique (40, 41). Without
perturbation the cluster-size is expected to grow with a
power law in agreement with several experimental obser-
vations in solid-state spin-networks (44). In our system,
this growth law is also observed for times t & 0.7ms and
vanishing perturbation p = 0, where K ∝ t4.3 (38, 39).
Thus, K2/3 ∼ l2 ∼ Dtα, where D is a generalized dif-
fusion coefficient and α is the exponent of the “diffusion”
process (44, 45). In the presence of a critical transition at
pc, which is the perturbation at which a transition from a
localized to a delocalized phase occurs, one expects that the
cluster-size evolution will depend on p − pc (40, 41, 45).
We use the single-parameter Ansatz for the scaling behav-
ior at long times
K2/3 ∼ tk1F [(pc − p) tk2] , (5)
where F (x) is an arbitrary function and k1 and k2 are con-
stant parameters. We assume that D (p) ∝ (pc − p)s ,
such that the diffusion coefficient vanishes, D = 0, at the
onset of the localized regime for p = pc, with s as a critical
exponent of the delocalized phase.
In the localized regime, we found experimentally that the
localization cluster-size follows a power law on the pertur-
bation strength p (38, 39). Therefore we assume that at
long times K2/3 ∼ (p− pc)−2ν for p > pc, as typically
assumed for localization phenomena and ν is the critical
exponent for the localized phase (40, 41, 45). We per-
formed the finite-time scaling analysis and found the uni-
versal scaling for s ≈ ν shown in Fig. 2b,c (see Methods
and SI).
The scaling factor ξ (p) that leads to the universal scal-
ing behavior f
(
ξ (p) t−k2ν
)
= K2/3t−k1 , with f(x) an
arbitrary function, is shown in Fig. 3 as the blue tri-
angles. The solid red line is a fit with the expression
ξ (p) = (A |p− pc|ν +B)−1 , where B accounts for
decoherence processes that smooth the critical transition
(40, 41). We thus obtain a critical perturbation strength
of pc = 0.0266 ± 0.0004 and the critical exponents
ν = s = 0.42 ± 0.07. We can see the consistency with
the scaling law assumptions of Eq. (5). The insets in Fig. 3
show the probability distribution of coherences in the den-
sity matrix (see Methods) as a function of the coherence
order ∆Mz and the evolution time in both regimes. While
for a perturbation strengths p < pc, the coherence distribu-
tion spreads indefinitely (delocalized regime), for p > pc
the coherence distribution becomes localized after a given
time.
Discussion
From the power law coefficient αexp ≈ 2.86 experimen-
tally determined in the unperturbed free diffusion regime,
we obtain a critical behavior on the transition from the lo-
calized to the delocalized regime with critical exponents
s ≈ ν. This is consistent with Wegner’s scaling law
s = (d − 2)ν for a three dimensional system (d = 3)
(46), in agreement with the assumption that the cluster-size
K determines an effective volume occupied by the corre-
lated spins and its respective effective correlation length,
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Figure 3. Scaling factor and critical exponents. Normalized
scaling factor ξ (p) as a function of p (blue triangles). The
normalization is based on equalizing ξ (p = 0.108) = K1/3loc ≈
(56.33)1/3 (see Methods). The red solid line is a fit to the blue tri-
angles with the expression ξ (p) =
(
A |p− pc|ν +B
)−1, where
A = 0.58 ± 0.08, B = 0.05 ± 0.02, the critical exponent ν =
0.42 ± 0.07 and the critical perturbation pc = 0.0266 ± 0.0004.
From Fig. 2 we determined that ν ≈ s. The two insets show the
distribution of coherence orders of the density matrix as a func-
tion of the evolution time t for the perturbation strengths p = 0
and p = 0.108, which correspond to the delocalized and local-
ized regime, respectively. The corresponding scaling factors are
indicated by the arrows.
l3 ∝ K. While a microscopical derivation should be de-
veloped to confirm our findings, the present results repre-
sent strong evidence of a critical transition in the coherence
length of our system after the quench. This critical behav-
ior is induced by competing dipole-dipole interactions in
the many-body dynamics of the cluster of correlated spins.
Conclusion
We developed a method to experimentally monitor the
dynamics of many-body systems in 3D spin-networks with
competing dipole-dipole interactions with different sym-
metries. By quenching the system with a Hamiltonian that
creates clusters of correlated spins, we determine the effec-
tive correlation length of the growing clusters. Regulating
the quenching strength by adding as perturbation the raw
thermalizing Hamiltonian, we induced localization effects
in a controlled way. We exploited a finite-time scaling ap-
proach (40, 41) to determine the scaling law for the long-
time behavior of the cluster-size growth. This allowed us to
identify a sharp transition in the dynamical behavior of the
cluster size, which we interpret as a phase transition from
a delocalized to a localized coherent dynamical regime.
We quantified the critical exponents for both phases and
found them to be indistinguishable, both ∼ 0.42. Our re-
sults show on one side that NMR can be used as another
front line for distilling the physics of localization and non-
equilibrium phenomena in many-body systems, and on the
other side they provide a new general approach that can be
implemented also by other communities interested in these
outstanding problems.
Materials and methods
Determination of the size of clusters of correlated
spins
Ĥ0 drives an evolution that converts the thermal ini-
tial state into a density operator containing terms of
5the form Iˆ iu...Iˆ
j
v Iˆ
k
w (u, v, w = x, y, z), where the indexes
i, j, k identify the spins involved in a cluster of correlated
spins. The cluster-size K corresponds to the number of
terms in this product, which is equal to the number of cor-
related spins.
As the Hamiltonian Ĥ0 flips simultaneously two spins
and, ∆Mz = ±2 (green arrows in Fig. 1), at the same
time, the number K of correlated spins changes by ∆K =
±1. This evolution generates a density operator only con-
taining elements ρij with ∆Mz = Mz(i) − Mz(j) =
2n, n = 0, 1, 2 . . . . Such elements ρij are called ∆Mz
quantum coherences and can be quantified by the multi-
ple quantum coherence (MQC) spectrum A(∆Mz) given
by the amplitude of coherences of the density matrix for a
given ∆Mz (38, 39, 43). The time evolution of the MQC
spectrum is shown in the insets of Fig. 3 for p = 0
and p = 0.108. ρ(t = 0) = ρ0 is diagonal and then
A(∆Mz) 6= 0 only for ∆Mz = 0, but as higher co-
herence orders are excited during the evolution, A(∆Mz)
spreads, thus manifesting the increasing cluster size. We
determined the average number of correlated spins in the
generated clusters by the half width at e−1 of the coher-
ence distribution A(∆Mz) (43): σ =
√
K (see (38, 39)
for details).
Finite size scaling analysis
From the condition that at long times K2/3 ∼
(pc − p)s tα for p < pc and K2/3 ∼ (p− pc)−2ν for
p > pc, one obtains that k1 = 2να2ν+s and k2 =
α
2ν+s
.
We performed the finite-time scaling analysis for different
relations between the two critical exponents, i.e. varying
β on the relation s = βν, and we found the best scaling
behavior for s = ν (see SI). We then found the scaling fac-
tor ξ (p) for each case, by horizontally shifting the curves
of Fig. 2b to overlap with each other for different values
of p in such a way that they generate a single curve as in
Fig. 2c. This is only possible if the single parameter scal-
ing Eq. (5) is consistent with the experimental data, thus
confirming the single parameter hypothesis. The shifting
procedure is invariant under a global shift of the origin for
ξ (p). To determine the absolute scale, we used the exper-
imental data from the localization regime, for the largest
perturbation strength, where the localization is clearly ev-
ident (stars in Fig. 2). In the localized regime p > pc,
K (t→∞) = Kloc and therefore f
(
ξ (p) t−k2ν
)
=
K
2/3
loc t
−k1 . From this, we obtain that ξ (p > pc) = K
1/3
loc .
We renormalized the determined scaling factor ξ (p) with
ξ (p = 0.108) = K
1/3
loc ≈ (56.33)1/3.
Determining the relation between the critical expo-
nents
In order to find the relation between the critical expo-
nents ν and s for obtaining the scaling law, we consid-
ered different values for β, such that s = βν. Then, we
determined the parameters k1 and k2 of Eq. (5) of the
maintext, which are given by k1 = 2α
′
3
and k2 = α
′
3ν
,
where α′ = 3
2+β
α. We followed the finite-time scaling
procedure described in the maintext and in Refs. [40, 41]
for different β. The Fig. 4 shows the different rescaled
curves optimized for obtaining the best single curve for
β = 6.6, 5.70, 1, 0.58, 0.15, 0, −0.39, and −0.71. We
observed that the best overlap of all the experimental data
to a single curve is for the case β = 1, which is shown in
Fig. 4c and was shown in Fig. 2c of the maintext. Note
that the critical phase transition would be lost for β . 0
(Fig. 4f-h). The limiting value β = 0 (Fig. 4f) matches
with a condition where pc = 0 and s = 0.
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